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Abstract
We report on the assembly of gold nanorods
functionalized with poly(ethylene glycol) in
aqueous suspensions by electrostatic control
and hydrogen bonds provided by polyelec-
trolyte linkers (i .e., interpolymer complexation
processes). Small angle X-ray scattering reveals
that the quality and stability of the assemblies
into the hexagonal columnar phases increases
with temperature. Our study shows that the
lattice constant of the ordered structures is tun-
able over a wide range of values by the interplay
between electrostatic and hydrophobic effects.
Keywords
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Gold nanorods (AuNRs), as anisotropic nano-
materials, exhibit a wide range of optical prop-
erties, and have received attention for their po-
tential applications in optics, electronics, sens-
ing, and catalysis.1–7 In particular, assembling
AuNRs into two- or three- dimensional (2D
or 3D) ordered structures can lead to en-
hanced and variable collective optical and elec-
tronic properties depending on the diameter to
length aspect ratio, orientation of the NRs, and
the characteristic nearest neighbor (NN) dis-
tances.8–13 Over the past decades, several meth-
ods have been developed for assembly and crys-
tallization of AuNRs by using i) electrostatic in-
teractions, covalent bonding, or hydrogen bond-
ing,14–16 ii) antigen-antibody recognition pro-
cesses,17 iii) strepavidin-biotin complexes,7,18,19
iv) DNA hybridization,20 v) carbon nanotubes
or DNA origamis as template,21,22 and vi) func-
tionalized polymers.12,23–26 Another common
approach to self assembly is the solvent evap-
oration.27–29 Particularly relevant are the re-
sults of Yu et al., who demonstrated crystal-
lization of colloidal nanoparticles and the melt-
ing of crystals by cooling to 200 K.27 Re-
cently, 2D interfacial arrays of AuNRs grafted
with poly(ethylene glycol) (PEG) have been
created by the Langmuir-Blodgett technique.30
Nevertheless, determinative control over the or-
dered AuNRs structures is still a challenge. We
thus apply and expand on recent assembly ap-
proaches of gold nanoparticles31 including by
interpolymer complexation (IPC)32 to the as-
sembly of AuNRs for producing ordered nanos-
tructures.
Here, we report on controlling the self-
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assembly strategy of poly(ethylene glycol)-
functionalized AuNRs (PEG-AuNRs) by ma-
nipulating temperature and solvent conditions.
PEG-AuNRs are assembled in selective solvents
through an aqueous two-phase system in two
different ways: salt-mediated self-assembly and
interpolymer complexation strategy, that have
been used for self-assembly of nanospheres.31,32
In the former method, ionic strength in aque-
ous suspension is controlled by adding a spe-
cific salt, (in this case, K2CO3) to induce the
self-assembly of PEG-AuNRs. The interpoly-
mer complexation takes advantage of hydrogen
bonding between PEG-AuNRs and poly(acrylic
acid) (PAA) in the suspension. Although
assembly of colloidal particles with PEG is
now established, in particular by controlling
electrolytic conditions of the suspensions, this
study demonstrates how temperature can be
used to control and enhance assembly. As is
well established, PEG undergoes rapid dehy-
dration into a biphasic separation in aqueous
solutions in the presence of salts and/or by
elevating the temperature of the solution.33,34
Here, we use AuNRs of D = 17.4 ± 1.2 nm
diameter and L = 45.5 ± 6.3 nm length and
functionalize them with poly(ethylene glycol)
methyl ether thiol (mPEG-SH) with an aver-
age molecular weight (Mn) of ∼ 5kDa (referred
to as PEG5K). For inter-polymer complexation
assembly, we use poly(acrylic acid) with Mn
of ∼ 5kDa (PAA5K) (more detail on material
preparations and characterization is provided in
the Methods).
To characterize the self-assembly of PEG-
AuNRs in aqueous solution, we conduct syn-
chrotron based small angle X-ray scattering
(SAXS) on beamline 12ID-B, Advanced Photon
Source (APS) at Argonne National Laboratory
(photon energy, E = 13.3 keV). The measure-
ments were conducted at various temperatures
from 20 ◦C to 70 ◦C and after cooling back at
20 ◦C. In this study, we demonstrate that the
assembly and crystallization of gold-nanorods
is induced and tuned by elevating the tempera-
ture of PEG5K-AuNRs suspensions under var-
ious solution conditions.
Results and Discussion
Figure 1: (a) Structure factor profiles for
PEG5K-AuNRs with 500 mM K2CO3 at 20
◦C (black circles), 50 ◦C (red squares), and
after the temperature goes up to 70 ◦C and
down back to 20 ◦C (blue triangles). The
red arrows point to the estimated positions
of higher-order Bragg diffraction peaks in a
hexagonal lattice. The profile after cooling
down to 20 ◦C is labeled with c20 in the fig-
ure legend. (b) Schematic illustration of self-
assembled PEG5K-AuNRs in a hexagonal lat-
tices induced by a high temperature. aL indi-
cated the lattice constant of hexagonal struc-
tures.
Temperature-dependent assembly of PEG-
AuNRs with K2CO3: Figure 1(a) shows the
structure factor profiles for PEG5K-AuNRs at
500 mM K2CO3 at 20 ◦C, 50 ◦C, and after
cooling down to 20 ◦C. Figure S2 shows more
SAXS data at various temperatures and for 50
and 500 mM K2CO3. The structure factors
in Fig. 1 are obtained by dividing the SAXS
intensity profiles by the measured form factor
of the bare AuNR (see. Fig. S1(b)).35 As is ap-
parent in Fig. S2 (a-b), at 50 mM K2CO3 the
SAXS data is dominated by the AuNR form
factor and the absence of any features in the
structure factor is evidence that the grafted
PEG5K-AuNRs are well dispersed in the 50
mM salt suspensions at all measured tempera-
tures. As the salt concentration is increased to
500 mM, no features in the structure-factor
are observed until the temperature reaches
40 ◦C where a single diffraction peak is ob-
served. As the temperature is increased fur-
ther, more diffraction peaks emerge, indicating
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ordered assemblies. This reflects the enhanced
hydrophobicity of PEG, initially driving associ-
ation stabilized by hydrogen bond and van der
Waals attractions that progressively become
more important as solvent (water) is expelled.
To analyze the ordered structure at and above
50 ◦C, we calculate the peak-position ratios of
higher-order (Qi, i = 2-5) to that of the fun-
damental peak (Q1 = 0.0260 Å−1) and find
that Qi/Q1 ≈
√
3 :
√
4 :
√
7 :
√
9. The series
indicate the formation of a hexagonal superlat-
tice of AuNRs with corresponding diffraction
indices (11), (20), (21), and (30) and a lattice
constant of aL = 4π/(
√
3Q1) = 27.9 nm, and
average crystalline size ∼ 120 nm (Figure S3).
Schematic illustration of the superstructure is
depicted in Figure 1(b). The hexagonal struc-
ture of PEG5K-AuNRs is observed above 50
◦C which the lattice constant (aL) gradually
becomes smaller as temperature increases, re-
sulting in a denser superlattice, as listed in
Table 1 and Figure S2 and S3. Interestingly,
this ordered superlattice is preserved after low-
ering the temperature from 70 to 20 ◦C, indi-
cating that the high temperature induces an
irreversible superstructure, albeit at larger unit
cell than at high temperatures (Figure 1(a)).
We have in fact followed the assembly process
over a period of many days and visually ob-
served the gradual precipitation and preserva-
tion of the underlying structure (see additional
SAXS data after 30 days in Figure S4).
Table 1: Parameters of hexagonal superlat-
tices of PEG5K-AuNRs with 500 mM K2CO3
at various temperatures. FWHM indicates a
full width of half maximum of the fundamental
peak (Q1).
50 ◦C 60 ◦C 70 ◦C c20 ◦C
Q1 (Å−1) 0.0260(1) 0.0278(1) 0.0293(1) 0.0225(1)
aL (nm) 27.88(5) 26.08(4) 24.72(2) 32.31(8)
FWHM (Å−1) 0.0057(1) 0.0054(1) 0.0051(1) 0.0048(1)
Temperature-dependent interpolymer com-
plexes of PAA with PEG-AuNRs: Next, we
explore the effect of temperature on the as-
sembly of PEG5K-AuNRs in the presence of
PAA5K in the suspension. PAA dissolved in an
Figure 2: (a) Schematic illustration of inter-
polymer complexation between PEG and PAA.
Structure factor profiles for PEG5K-AuNRs
with 2 mM PAA5K at 20 ◦C (black circles), 70
◦C (orange and red squares), and after cooling
down back to 20 ◦C (green and blue triangles)
at (b) pH 6 and (c) pH 2. The red arrows in (c)
point to the estimated positions of higher-order
Bragg diffraction peaks in a hexagonal lattice.
Schematic illustration of self-assembly of PEG-
AuNRs (d) above and (e) below the isoelectric
point of PAA based on the SAXS results from
(b) and (c), respectively.
aqueous PEG suspension induces inter-polymer
complexes as a hydrogen-bond donor below the
isoelectric point (pI) of PAA (pI ≈ 4.5).36,37
Previous reports have shown that PEG-PAA in-
terpolymer complexation (IPC) can induce 2D
and 3D assembly of PEG-functionalized gold
nanoparticles (PEG-AuNPs) by introducing
free PAAs to the suspensions.32 The concept of
assembly by IPC processes with PAA through
hydrogen bonding is illustrated schematically
in Figure 2(a).
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Figures 2(b) and (c) show the structure factor
profiles for PEG5K-AuNRs with 2 mM PAA5K
at pH 6 and 2 (respectively) at 20 ◦C, 70 ◦C,
and after cooling down to 20 ◦C. Figures S5 (a)
and (c) show in more detail the development
of SAXS intensity profiles of the same samples
at various temperatures at pH 6 and pH 2, re-
spectively. The corresponding structure factor
profiles are shown in Figures S5(b) and (d). At
pH 6, a broad diffraction peak gradually inten-
sifies, slightly narrows, and shifts to larger Q as
the temperature increases to 70 ◦C and is pre-
served upon cooling to 20 ◦C. In this case the
higher temperature induces short-range-order
assembly with a hexagonal motif which is irre-
versible upon cooling, as shown in Figure 2(d).
By contrast, for pH 2, in the presence of 2 mM
PAA5K, higher-order Bragg diffraction peaks
are observed from the outset at 20 ◦C that be-
come more intense, narrower and shift higher
Q as the temperature increases as in shown
Figure 2(c). The diffraction pattern is simi-
lar to aforementioned hexagonal structure for
which aL gradually shrinks with the increase
of temperature (shown in Table 2). This re-
sult suggests that IPC between PAA and PEG-
AuNRs induces the hexagonal superlattice of
PEG-AuNRs when the pH is below the pI of
PAA, as depicted in Figure 2(e). More SAXS
profiles of PEG5K-AuNRs with 2 mM PAA5K
at pH 6 and 2, at various temperatures are
shown in the SI (Figures S5 and S6).
An overall temperature effect on assembly of
PEG-AuNR: Our results demonstrate that the
temperature affects the formation and proper-
ties of superlattice assembly of PEG5K-AuNRs
at various aqueous solution conditions (in pres-
ence of K2CO3 or PAA, pH levels). Other
SAXS studies of colloidal columnar structures
show anisotropic patterns with a six-fold sym-
metry, induced by external forces (i .e., electric
fields).38,39 By contrast, our results indicate the
formation of polycrystalline aggregates with no
evidence of global anisotropy, implying that the
formation of many hexagonally ordered aggre-
gates are randomly oriented in the suspension.
As shown in Figure 3(a), the lattice constant
(aL) of the hexagonal structure, at all solution
conditions, clearly has a tendency to decrease
Figure 3: Summary of the effect of tempera-
ture on the self-assembly of PEG5K-AuNRs for
(a) lattice constant (aL = 4π/
√
3Q1) and (b)
crystal quality (Q1/FWHM). The star symbols
in (a) and (b) indicate the assembled PEG5K-
AuNRs after cooling down to 20 ◦C. In all fig-
ures, solid lines represent the linear trendlines
for solid data points.
with the increase of temperature. This counter-
intuitive observation is related to the tendency
of PEG to shrink as it becomes more hydropho-
bic in the presence of salt or increased tempera-
ture.33,34 Given the slope of trending for lattice
constants, the superlattice of PEG5K-AuNRs
with K2CO3 (green circle) is the most suscepti-
ble to the temperature change.
We also examine the crystal quality by eval-
uating the FWHM (∆Q1 = FWHM) which
is related to average crystalline domain size
D ∼ 2π/∆Q1. Figure 3(b) shows the ratio of
the fundamental peak position to its FWHM
(Q1/∆Q1), indicating the number of nanopar-
ticle unit cells in a crystalline. As shown, crys-
tal quality counterintuitively improves with the
increase of temperature. Also, note that crystal
quality is superior in salt suspensions to that of
interpolymer complexation.
In all cases, cooling the suspension to 20 ◦C
after heating preserves the hexagonal superlat-
tice albeit at an expanded lattice compared to
that at high temperatures, where K2CO3 in
the suspension is most affected by temperature
changes. This approach leads to higher flexibil-
ity and better crystalline quality. The most pre-
dictable structures to date are achieved by pro-
grammable DNA functionalization, which re-
quires cycling the temperature above the melt-
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Table 2: Parameters of hexagonal superlattices of PEG5K-AuNRs with 2 mM PAA5K at various
pH levels and temperatures.
20 ◦C 30 ◦C 40 ◦C 50 ◦C 60 ◦C 70 ◦C c20 ◦C
PEG5K-AuNRs with 2 mM PAA5K at pH 6
Q1 (Å−1) - - - 0.0251(1) 0.0259(1) 0.0271(1) 0.0272(1)
aL (nm) - - - 28.9(1) 28.0(1) 26.8(1) 26.72(8)
FWHM (Å−1) - - - 0.0073(2) 0.0073(2) 0.0070(2) 0.0070(1)
PEG5K-AuNRs with 2 mM PAA5K at pH 2
Q1 (Å−1) 0.0238(1) 0.0245(1) 0.0254(1) 0.0260(1) 0.0261(1) 0.0270(1) 0.0266(1)
aL (nm) 30.48(9) 29.63(9) 28.6(1) 27.85(8) 27.81(7) 26.92(6) 27.26(9)
FWHM (Å−1) 0.0061(1) 0.0064(1) 0.0061(1) 0.0061(1) 0.0061(1) 0.0061(1) 0.0057(1)
ing point of the DNA-pairing multiple times un-
til the desired structure is achieved.40 These
structures include significant amounts of sol-
vent (water), namely the NN distances are rel-
atively large compared with particle size. By
contrast, our temperature induced assemblies
initiate with weak hydrogen bonds and progress
into stronger bonds, likely, van der Waals in-
teractions. But more importantly, our struc-
tures are stable against raising temperature and
result with NN distances that are very close
to particle size. We note that such compact
distances are achieved in evaporation-induced
strategies.40–42
Conclusions
In this study, we have demonstrated that con-
trolled self-assembly of AuNRs grafted with
PEG can be achieved by regulating various sol-
vent conditions: i) salt concentration, ii) in-
terpolymer complexation with PAA and pH
in solvent, and iii) temperature. Using the
synchrotron based SAXS techniques, we find
that PEG-AuNRs are self-assembled into 3D
superlattices with ordered hexagonal structures
with both salt-mediated and interpolymer com-
plexation strategies. Furthermore, the lattice
constant and crystal quality of the hexago-
nal superlattices formed by PEG-AuNRs can
be systematically controlled over the temper-
ature range from 20 ◦C to 70 ◦C. The lat-
tice constant, aL, gradually decreases with in-
creasing temperature. The salt-mediated self-
assembly is the most susceptible to tempera-
ture changes and exhibits superior crystalline
quality. This demonstrates that controlled and
systematic self-assembly of nanoparticles func-
tionalized with water-soluble polymers can be
achieved not only by the choice of solvent (salt
or polymer) but also by manipulating temper-
ature, providing a pathway for self-assembly of
nanomaterial in general. We note that past
studies have shown columnar ordering of col-
loidal rods by repulsive forces that are domi-
nated by the density of the colloidal rods.38,39
These systems maximize contacts between rods
by an interplay of hydrogen bonding and Van
Der Waals forces.34 In summary, our results
reveal the importance of increasing hydropho-
bicity of PEG with temperature for assembly,
which induces aggregation and stabilizes the
columnar phase. The fact that the same results
are obtained by two different methods, i .e.,
electrostatic screening and interpolymer com-
plexation, serves to illustrate the universality
of this approach.
Methods
Materials: AuNRs of D = 17.4±1.2 nm in di-
ameter and L = 45.5± 6.3 nm length were pur-
chased from NanoComposix (San Diego, CA).
Poly(ethylene glycol) methyl ether thiol with an
average molecular weight (Mn) of ∼ 5kDa was
obtained from Creative PEGWorks (Chapel
Hill, NC). Poly(acrylic acid) with Mn of ∼ 5
5
kDa was purchased from Polysciences (War-
rington, PA). All the chemicals in this study
were used as received from manufacturers. For
the PEG-functionalization of AuNRs, a ligand
exchange method was used.31 Briefly, mPEG-
SH was added to AuNR suspension with a mo-
lar ratio of 6000 : 1 (PEG-to-AuNR) under vig-
orous shaking for 3 days, and then purified three
times by centrifuging at 10,000 g for 30 min to
eliminate the unfunctionalized mPEG-SH. Af-
ter purification, 3.34 nM of final concentration
of PEG-AuNRs was achieved.
Method: Synchrotron based small angle X-
ray scattering was conducted on beamline 12ID-
B, Advanced Photon Source (APS) at Argonne
National Laboratory. The aqueous samples
were transferred to quartz capillaries after incu-
bation of PEG-AuNRs suspension either with
K2CO3 or PAA5K. SAXS measurements were
conducted in transmission mode with incident
X-ray beam (photon energy, E = 13.3 keV).31
The temperature of samples was controlled
from 20 ◦C to 70 ◦C at a rate of 1.25 ◦C/min.
SAXS data were collected at every 10 degrees
increment (the temperature was maintained on
average for 7 min before each measurement to
achieve equilibrium). The samples were cooled
down to 20 ◦C at a rate of ∼ 1.7 ◦C/min at
which SAXS measurements were conducted. In
this study, we show that gold-nanorod assem-
blies into ordered structures are induced or im-
proved by elevating the temperature of PEG5K-
AuNRs suspensions under various solution con-
ditions. The structure factor which provides the
information of crystalline structure of PEG5K-
AuNRs is extracted by dividing SAXS data into
the form factor. The form factor of bare AuNRs
was measured by SAXS (see Figure S1(b)).
Dynamic light scattering (DLS) was used to
determine the average hydrodynamic size dis-
tribution of bare AuNRs and PEG-AuNRs with
a Malvern instrument (Nano ZS90 ZEN3690).
Details about hydrodynamic size distributions
can be found in the Figure S1(a).
Characterization of AuNRs: Unfunctioan-
lized AuNRs (bare AuNRs) were character-
ized with the best-fit to SAXS profile using a
form factor for a monodisperse right circular
cylinder.35 Figure S1(b) shows the SAXS data
of bare AuNRs and the best-fitting form fac-
tor profile with 15.8 ± 0.3 nm diameter and
45.7 ± 3.7 nm length, consistent with the size
distribution provided by the manufacturer (see
above).
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